This research describes the development of a dual preservation-and field-speciation technique for As(III) and As(V) speciation of a sample preserved with ethylenediaminetetraacetic acid (EDTA) and acetic acid (HAc). The new method was compared with existing preservation-and field-speciation methods and was shown to be accurate and precise in spite of possible interference from ferrous iron in the sample. The new preservation-speciation method was further evaluated on 55 drinking water wells (18 samples in triplicate) in Minnesota, North Dakota and California with the result that As(III) measured by field-speciation agreed with subsequent (within 1-3 d) laboratory speciation on the preserved sample with a slope of 0.98 and a correlation coefficient of r 2 = 0.999. Preserved samples stored in the dark at room temperature (22-24ºC) could maintain their species distribution for 30 to 85 d.
Introduction
Arsenic contamination of drinking water is a worldwide problem. Due to the recently confirmed health risk of arsenic, the United States Environmental Protection Agency (U.S. EPA) has reduced the maximum contamination level (MCL) of arsenic in drinking water from 50 to 10 µg/L. In groundwater, only inorganic arsenic in the form of arsenite, As(III), and arsenate, As(V), are significant. Because of differences in their toxicity and ease of removal, knowledge of the arsenic speciation in groundwater is important.
The stability of inorganic As species in groundwater depends on redox conditions, pH, the presence of Fe(II/III), background ions, organic matter present and microbial activity. Many researchers have attempted to preserve the native (point-of-sampling) distribution of the As species until the sample could be analyzed in the laboratory (Borho and Wilderer 1997; Polya et al. 2003; Hall et al. 1999; Edwards et al. 1998; Bedner et al. 2002; Gallagher et al. 2001; Daus et al. 2002) . The most commonly used preservatives have been HCl, HNO3, H2SO4, H3PO4, ascorbic acid, ethylenediaminetetraacetic acid (EDTA) and EDTA with acetic acid (HAc), but these preservatives have produced controversial results. For example, Edwards et al. (1998) , Hall et al. (1999) and Bedner et al. (2002) reported that HCl could not maintain the distribution of As(III)/(V), whereas Borho and Wilderer (1997) and Polya et al. (2003) reported that HCl could preserve the arsenic species for about 37 d. The use of EDTA for As species preservation is well known but also controversial. For example, Gallagher et al. (2001) reported that it was necessary to lower the sample pH to about 3.2 using acetic acid to preserve the arsenic species using EDTA in samples containing Fe(III). In contrast, according to Bednar et al. (2002) , disodium EDTA could preserve the arsenic species in the presence of Fe(III)-containing groundwater without lowering the pH of samples in opaque bottles. It is important to note that in most of the arsenic preservation and speciation studies, an unrealistic background, reagent-grade water without typical background contaminants, was used (Hall et al. 1999; Borho and Wilderer 1997; Bednar et al. 2002; Gallagher et al. 2001; Le et al. 2000; Kim 2001 ). Furthermore, only Fe(III) was used to establish the influence of iron on arsenic preservation and speciation, whereas it is more reasonable to use Fe(II), because Fe(III) is insoluble and Fe(II) is commonly found in As(III)-contaminated groundwater. Both preservation and speciation of As become more complicated in the presence of Fe(II), which is readily oxidized to Fe(III), and quickly hydrolyzes and precipitates as Fe(III)(hydr)oxides (FeOOH). The FeOOH precipitate adsorbs As(V) strongly and As(III) to a lesser extent, thereby removing soluble arsenic and interfering with speciation (Wilkie and Hering 1998; Pierce and Moore 1982) . The rate of oxidation of Fe(II) depends on the pH of the solution with higher pH producing faster oxidation. A further problem with Fe(II) is that, in the presence of air, it catalyzes the conversion of As(III) to As(V) (Hug et al. 2001) .
Due to the instability of the arsenic species in water samples, determination of the actual concentrations of As(III) and As(V) is very challenging, and two approaches have been used: (1) immediately preserve and then speciate the sample in the field and send the speciated As(III) sample and the preserved As(Tot) sample to a laboratory for arsenic analysis, and (2) immediately preserve the sample in the field and send it to the laboratory for later As(III)/As(V) separation and analysis. The objective of this research was to develop an As(III)/As(V) preservation chemistry that would also allow As(III)/As(V) field speciation by ion-exchange cartridge or minicolumn. This would allow both immediate field speciation and laboratory speciation up to 30 d or more after field sampling and preservation. To achieve this objective, the following tasks were undertaken:
1. The commonly used preservatives reported in the literature were evaluated to maintain the distribution of inorganic As species for up to four weeks, in Fe(II)-containing synthetic waters with typical background contaminants at different pH levels and redox conditions (Eh). 2. One of the methods, EDTA-HAc, which showed the best performance for the preservation of arsenic species in the laboratory, was used to develop a new field-speciation method. 3. The combined EDTA-HAc preservation and fieldspeciation method was tested on a wide variety of actual groundwater collected from different areas of the United States. 4. The field-speciated As(III) analyses were compared with As(III) analyses on preserved samples that were speciated and analyzed several days later in the laboratory. 5. The room-temperature stability of the As(III)/As(V) species in the EDTA-HAc preserved samples was studied for more than 30 d.
Materials and Methods

Arsenic Analysis
Samples were analyzed for As(Tot) using flow injectionhydride generation-atomic absorption spectroscopy (FI-HG-AAS) after pre-reduction of As(V) to As(III) by L-cysteine solution. For As(III), samples were analyzed using FI-HG-AAS in citric acid/citrate buffer. Analyses were carried out using a Perkin-Elmer Model 5000 AAS coupled with a Perkin-Elmer FIAS-100 unit for hydride generation. Detailed descriptions of the instrumental conditions and methods are given in our earlier publications (Samanta et al. 1999; Samanta and Clifford 2005) . Iron was measured by ICP-MS (Sciex Elan 6000, Perkin Elmer, Norwalk, Conn.).
Reagents
All reagents used were of analytical reagent grade. Milli-Q (18 MΩ·cm) water was used to prepare all solutions. Primary standards of 100 mg As/L of each species were prepared from sodium m-arsenite (NaAsO2, Sigma Chemical Co., Mo.) for As(III) and sodium arsenate (Na2HAsO4, Sigma Chemical Co., Mo.) for As(V). The citric acid/citrate buffer solution used for As(III) analysis was prepared using 2 M citric acid with pH adjusted to 5.0 using NaOH. For As(Tot) analysis, 4-mg/mL solution of L-cysteine (Sigma Chemical Co., Mo.) in HCl solution was used to reduce As(V) to As(III). Sodium tetrahydroborate (EM Science, Germany) solutions were prepared fresh daily for hydride generation. To prepare a representative synthetic groundwater, the following salts were used: NaNO3, NaHCO3, NaH2PO4·H2O, NaF, Na2SiO3·9 H2O, MgSO4·7 H2O, and CaCl2·2 H2O. 
Synthetic Groundwater
For all laboratory experiments, synthetic groundwater was used. A detailed description of the preparation of the synthetic groundwater is given in our previous publications (Clifford et al. 2004; Karori et al. 2006 ). It contained the typical composition found in groundwater contaminated with arsenic and used for potable water supplies. Two versions of the synthetic water were used: the first contained no Fe(II), and the second was spiked with 3.0 mg/L Fe(II) under anoxic conditions to avoid the oxidation of Fe(II) to Fe(III). The anoxic conditions (redox potential = ~120 mV) were produced by sparging extra-dry grade N2 gas (<3 ppmv O2) through the synthetic groundwater in a 2.7-L brown glass bottle for 1.5 h, prior to Fe(II) spiking. During experiments designed specifically to study the effect of redox potential on the distribution of As species in the synthetic groundwater, the redox potential was set to the required value by sparging with controlled flow of N2, H2 and compressed air. To produce a redox potential of -100 ± 10 mV, a mixture of H2 and N2 (3:97) was used. The oxidizing Eh value of +200 ± 10 mV was maintained by controlling the ratio of compressed air and N2 during sparging. After stabilizing the Eh value at a given pH, Fe(II) was spiked under the sparging condition (Eh was readjusted if necessary) and subsequently preserved with one of the preservatives being studied.
Preservation Methods
For field preservation, the sampling line was thoroughly flushed, and all samples were collected into 250-mL polypropylene (PP) bottles, which contained 10.4 mL of 2.0 M acetic acid and 3.35 mL of 0.1 M EDTA solutions. The reagents were mixed thoroughly by inverting the bottle. Samples were speciated after immediate preservation in the field and both preserved and speciated As(III) solutions were kept in a non-refrigerated dark box to avoid exposure to sunlight.
Field-Speciation Method
As(III)/As(V) was speciated in the field using a disposable plastic syringe containing 60 mL of the EDTA-HAc preserved sample, which was immediately forced through the IX minicolumn containing the chloride-form anion resin. The first 15 mL was discarded as a column flush and the remaining 45 mL was collected for As(III) analysis.
Results and Discussion
Preservation of Arsenic Species in the Synthetic Water in the Absence and Presence of Iron(II)
Literature studies indicated that among the commonly used preservatives, H3PO4, H2SO4, EDTA-HAc and EDTA without acidification were the preferred ones and were used in our present experiments to preserve the arsenic species in the synthetic water with and without Fe(II). The concentrations of the preservatives were: (a) 1.25 mM EDTA (no pH adjustment), (b) 10 mM H2SO4 (resulting pH ~1.95), (c) 1.34 mM EDTA with 87 mM acetic acid (resulting pH ~3.25), and (d) 20 mM H3PO4 (resulting pH ~2.18). Initial experiments were carried out using the above-mentioned preservatives in the absence of Fe(II) in brown polypropylene bottles. Successful preservation was defined as less than 10% change in the arsenic species. Our experimental results (Table 1) indicated that EDTA-HAc, H2SO4 or H3PO4 could preserve the arsenic species for at least 168 h (7 d), whereas, EDTA alone was unsuccessful and not considered further. As can be seen in Fig. 1 , after 24 h, As(III) was gradually oxidized to As(V) in the iron-free synthetic groundwater.
When Fe(II) is present, the As-Fe chemistry becomes complicated. In the groundwater pH range of 6.5 to 8.0, Fe(II) oxidizes upon exposure to air and is precipitated in the form of Fe(III)(hydr)oxides (Stumm and Morgan 1996) . At the higher pH, oxidation is much faster than the lower pH. The rapid oxidation of Fe(II) facilitates the As(III) oxidation (Hug et al. 2001) . Once Fe(III)(hydr)oxides are formed, however, the oxidation rate of As(III) in the dark becomes very slow (Hug et al. 2001) . As(V), and to a lesser extent As(III), are adsorbed onto Fe(III)(hydr)oxides. To stabilize the arsenic species at their original concentrations, experiments were carried out using three preservatives, EDTA-HAc, H2SO4 and H3PO4 in low DO (<50 µg/L) synthetic water containing 3.0 mg/L Fe(II). The results are shown in Fig. 2 , which shows that EDTA-HAc or H2SO4 could preserve the arsenic species for at least 672 h (28 d) at room temperature. On the other hand, H3PO4 could only preserve the distribution for about 168 h (7 d), and then As(III) converted slowly to As(V). EDTA is a powerful chelating agent that forms strong complexes with Fe(II) (log K for FeEDTA = 14.33) and Fe(III) (log K for FeEDTA = 25.1) at acidic to neutral pH. Furthermore, when HAc is used with EDTA, the pH is reduced to approximately 3.2, where the oxidation of Fe(II) by O2 is very slow. Thus, the combination of EDTA and HAc is effective as a preservative because it complexes Fe(II), slows its oxidation rate, and also slows the Fe(II)/(III)-catalyzed As(III) oxidation.
Laboratory experiments were also carried out at different Eh-pH conditions with arsenic-contaminated synthetic water containing 3.0 mg/L Fe(II). The experimental results for both reducing and oxidizing conditions are given in Table 2 . Under reducing conditions (initial Eh -100 ± 10 mV) of the three different preservations at three different initial pH values (6.5, 7.5 and 8.5), only EDTA-HAc could preserve the arsenic species for 28 d without any significant change. H2SO4 could preserve the arsenic species for at least 21 d, whereas, H3PO4 showed relative poor performance in comparison with H2SO4 and EDTA-HAc. Similar experiments were carried out to determine the stability of arsenic species under oxidizing conditions in the synthetic groundwater having initial Eh value (+200 ± 10 mV) at two different initial pH levels (8.4 and 6.5). Samples were preserved as before. The results (Table 2) indicate that neither H3PO4 nor H2SO4 could maintain the distribution of arsenic species for even 7 d. The distribution was shifted almost instantaneously from As(III) to As(V) in the presence of H3PO4 or H2SO4 within the first few hours. In contrast, EDTA-HAc could preserve the arsenic species efficiently. Although the As(III) concentration immediately after sampling was slightly lower than the originally spiked As(III) concentration, the deviation was <10%. The slightly lower initial As(III) concentration was thought to be due to the rapid oxidation of As(III) during collection of sample with preservatives. The results showed that EDTA-HAc was the best preservative to maintain the distribution of inorganic species in the synthetic water containing 3.0 mg/L Fe(II) for at least 28 d at room temperature (23ºC).
Speciation of Arsenic in the EDTA-HAc-Preserved Synthetic Groundwater With and Without Fe(II)
In our earlier publications (Clifford et al. 2004; Karori et al. 2006) , detailed descriptions of the field-speciation methods using filter discs and IX-resin minicolumns are given. The speciation efficiencies of the commonly used field-speciation methods were evaluated along with the new EDTA-HAc method in the absence and presence of Fe(II). The experimental results from these prior studies are summarized in Table 3 . In the absence of Fe(II), the Clifford Method (Clifford et al. 1983; Clifford 1999) , i.e., chloride-form IX minicolumns (7-mL resin volume) operated at unadjusted pH 8.3 and at pH 3 adjusted with HCl or H2SO4, could effectively speciate As(III) and As(V) (see Table 3 , Column 5). However, the chloride-form resin failed when HCl or H2SO4 was used to lower pH to 2.0. The higher buffer capacity acetateform resin minicolumns were capable of As(III)/(V) speciation at pH 8.3, 3.0 and 2.0 with pH adjusted using HCl or H2SO4.
In the presence of Fe(II), the speciation efficiencies of the Clifford and Edwards minicolumn methods were also evaluated. The Cl-form speciation method (Clifford Method) failed at pH 8.3 and 3.0 in the presence of 3.0 mg/L Fe(II) (Table 3, Column 6). In the Edwards Method, a membrane microfiltration step before The value in parenthesis indicates % deviation of As(III) concentration. If the deviation exceeded ±10%, the preservative failed to maintain the distribution at room temperature.
As(III/V) separation had been mandated to remove particulate arsenic prior to lowering the pH to 2.0 using H2SO4. Our test results of the Edwards Method showed that approximately 30% of the As(III) and 66% of As(V) were removed during the filtration process (Clifford et al. 2004; Karori et al. 2006) . Thus, the Edwards Method with a filtration step was unsuccessful as an arsenic field speciation method. However, in fairness to the widely used Edwards Method, it must be stated that any field speciation method with a filtration step will suffer a similar loss of As(III) and As(V) due to Fe(II) oxidation and Fe(OH)3 precipitation during sampling and filtration prior to preservation.
When synthetic waters with and without Fe(II) were preserved with EDTA-HAc and speciated by 7-mL Cl-form resin column, the results (Table 3) indicated that the EDTA-HAc method could separate the arsenic species efficiently and produce at least 45 mL of speciated sample in the absence and presence of Fe(II). Following the success of the initial EDTA-HAc speciation tests, the resin volume, resin type, speciation flow rate and sulfate concentration were optimized. The detailed description of the optimization procedure is given in our earlier publications (Clifford et al. 2004; Karori et al. 2006 ).
Field Verification Tests of the EDTA-HAc Method for Preservation and Speciation
Verification of the dual-purpose As(III)/As(V) preservation-speciation method was conducted through extensive field tests. Samples from forty-eight Minnesota wells (including 11 samples in triplicate), four Southern California wells (all in triplicate), and three North Dakota wells (all in triplicate) were collected for preservation and fieldspeciation studies. The non-refrigerated preserved samples and field-speciated eluents for As(III) measurement were shipped to our laboratory by overnight mail service. Samples were received within 1 to 3 d of collection and analyzed on the day of receipt. After receiving the samples, the preserved unspeciated samples were speciated in the laboratory using a differential-pH method. As(Tot) in the preserved samples was measured by L-cyesteine-FI-HG-AAS. As(III) in the field-speciated eluents was measured as As(Tot). In Fig. 3 , the concentrations of As(III) in the field-speciated eluents are compared with the concentrations of As(III) in the preserved samples determined by lab speciation using the differential pH FI-HG-AAS method (in the presence of citric acid/citrate buffer). The best-fit linear curve through the data in Fig. 3 has an r 2 value of 0.999. The slope of 0.977 and r 2 = 0.999 indicate that: (1) the field-speciation method is an efficient quantitative analytical technique to separate As(III) and As(V) in groundwater with common background ions and Fe(II), and (2) EDTA-HAc could also preserve efficiently the distribution of arsenic species in groundwater for 1 to 3 d of transportation and storage. Table 4 shows the concentrations of As(III) in the field-speciated samples (by ion-exchange resin) and in the laboratory analyses within 1 to 3 d by the differential-pH hydride generation method, As(Tot) and Fe in the groundwater. In this table only the samples containing more than 2.0 µg/L of As(V) are reported. Because As(V) was measured as the difference between As(Tot) and field-speciated As(III), the quantification limit for As(III) was nearly 1.0 µg/L, and arsenic levels ≤2.0 µg/L As(V) could be determined with 99% confidence. The As(III) concentrations in the Minnesota wells were higher than As(V), whereas, in Southern California, two of the four samples contained As(V) higher than As(III). Out of three samples from North Dakota, only one sample contained both As(III) and As(V) and the other two samples contained only a low amount of As(V). Table 4 also indicates that even at Fe levels >4 mg/L, the field speciation was not affected, and also the distribution of arsenic species did not change with 1 to 3 d of transportation and storage. To study the long-term preserva-TABLE 3. Summary of results for As(III)/As(V) speciation using 7-mL anion-exchange column with and without iron in the synthetic water (Karori et al. 2006 Success Success a Success is defined as ≥90% recovery of As(III) and As(V) and production of ≥50 mL of speciated sample. Edwards method failed due to insufficient resin volume. With >10 mL resin, the method will succeed. Edwards method failed due to loss of arsenic in the pre-filtration step.
tion efficiency of EDTA-HAc, all the preserved samples were stored in the dark for at least 30 d at room temperature (22-24ºC) in the laboratory. As(Tot) and the concentration of As(III)/As(V) (using a differential pH method) were measured at predetermined times for at least 30 d. The results indicated that the distribution of As(III) and As(V) in the preserved samples could be maintained for at least 30 d without any significant deviation from the initial concentration. Some triplicate samples were preserved for much longer than 30 d. The speciation results from one such sample, a Minnesota well sample, preserved and successfully speciated for up to 85 d are shown in Fig. 4A . Successful speciation results of triplicate samples from Southern California (57 d) and North Dakota (31 d) are shown in Fig. 4B and 4C, respectively. Based on these observations, it was concluded that EDTA-HAc could preserve the inorganic arsenic species efficiently for more than 30 d at room temperature.
Conclusions
Based on laboratory experiments using synthetic groundwater with and without Fe(II), a dual As(III)/As(V) preservation and field-speciation method was developed. A mixture of EDTA and HAc was the most suitable preservative to maintain the distribution of As(III) and As(V) in the synthetic groundwater with common background ions and Fe(II) (3 mg/L) at different Eh-pH conditions. In the field, the EDTA-HAc preservative prevented the interference of Fe(II) and allowed the efficient speciation of As(III) and As(V). Verification tests of the EDTA-HAc preservation and field-speciation methods were conducted at field locations in Minnesota, Southern California and North Dakota. Field samples were preserved with EDTA-HAc and immediately speciated by Cl-form resin column. After receiving the samples, the field-speciated samples were analyzed for As(III) by FI-HG-AAS and the results were compared with the lab-speciated As(III) measured by differential-pH FI-HG-AAS on the EDTA-HAc preserved samples. These two data sets were highly correlated with a slope near 1.0 (slope 0.98; R 2 = 0.999), which indicates that during transportation (1-3 d), the As(III)/(V) distribution in the EDTA-HAc preserved samples did not change. In the laboratory all the samples were stored at room temperature for at least 30 d and the results showed that all the preserved samples maintained their species distribution for more than 30 d. 
